Objective To assess whether prediagnostic levels of plasma branched-chain amino acids (BCAAs) are associated with amyotrophic lateral sclerosis (ALS) risk.
The branched-chain amino acids (BCAAs) valine, leucine, and isoleucine play an important role in glutamate metabolism, 1 which has been implicated in the pathogenesis of amyotrophic lateral sclerosis (ALS). 2 As BCAAs have been postulated to restore impaired glutamate metabolism, 3 the effect of these essential amino acids on ALS progression has been explored in clinical trials. Several of these have, however, not only failed to support a beneficial role of BCAAs but provided evidence for potential adverse effects. In an Italian trial, there was an excess of deaths in the group treated with BCAAs, 4 and in a later US trial, the estimated decline in forced vital capacity, one of the a priori selected outcomes, was 2.5 times greater in the treatment group as compared to placebo. 5 As BCAAs may affect pathways relevant to ALS, including downregulation of antioxidant genes associated with familial ALS and induction of hyperexcitability in cortical neurons, 6, 7 it has been proposed that dietary supplements containing BCAAs, which are commonly used by Italian soccer players, 8 could be one of the factors that contributed to their elevated ALS risk. 9, 10 Whether BCAAs increase the risk of ALS is currently not known. Higher levels have been reported in patients with ALS compared to controls, 11, 12 but as the amino acids' concentrations may have been affected by the disease itself, it is unclear whether they are etiologically relevant. Prospective studies including prediagnostic samples from individuals later developing ALS could be more informative, but they are difficult to conduct due to the low incidence of the disease.
To address this, we conducted a pooled analysis of 5 large prospective cohort studies to assess whether higher prediagnostic plasma levels of BCAAs are associated with an increased ALS risk.
Methods

Study populations
The study population included participants from 5 large cohort studies: The Nurses' Health Study (NHS), the Health Professionals Follow-up Study (HPFS), the Cancer Prevention Study II Nutrition Cohort (CPS-II Nutrition), the Multiethnic Cohort Study (MEC), and the Women's Health Initiative (WHI). Detailed descriptions of the individual cohorts have previously been published. [13] [14] [15] [16] [17] In short, the NHS began in 1976 with 121,700 female nurses aged 30-55 years at baseline. 13 In 1988, all nurses were invited to provide a blood sample, which was collected from 32,826 women during 1989 and 1990. Thirty-nine nurses who gave a blood sample developed ALS between blood draw and end of follow-up. The HPFS began in 1986 and enrolled 51,529 male health professionals aged 40-75 years at baseline.
14 All of the participants were invited to provide a blood sample, which was collected from 18,018 men between 1993 and 1995. Twenty-six men were identified with ALS between blood draw and end of follow-up. Every 2 years, the participants in these 2 cohorts were followed up with similar questionnaires on medical history and health-related behavior. The CPS-II Nutrition cohort was established in 1992 and consists of a subpopulation of the larger CPS-II cohort. 15 It includes 86,406 men and 97,788 women aged 50-74 years at baseline. These participants completed a questionnaire on lifestyle and dietary factors at baseline, in 1997 and biennially thereafter. In 1998, participants living in urban and suburban areas were invited to provide a blood sample, which was collected from 39,380 members of the cohort. Among these, 58 participants died of ALS during follow-up. The MEC cohort study began in 1993 and consists of 96,810 men and 118,441 women aged 45-75 years at baseline with the self-reported ethnic background of African American, Japanese American, Latino, Native Hawaiian, or white. 16 The participants completed a lifestyle and disease history questionnaire at baseline, and follow-up questionnaires every 5 years thereafter. A total of 67,594 members of the cohort provided a blood sample, which was largely collected between 2001 and 2006. Thirtyone participants died of ALS between blood draw and end of follow-up. The WHI study recruited a total of 161,809 postmenopausal women aged 50-79 years between 1993 and 1998, who were enrolled into one or more of 3 clinical trials (n = 68,133) or into the observational study (n = 93,676). 17 At baseline, all of the participants completed a questionnaire on lifestyle and disease history and provided a blood sample. A total of 121 participants died of ALS after blood draw until end of follow-up. End of follow-up was December 31, 2010, for NHS, HPFS, and CPS-II Nutrition; September 30, 2012, for WHI; and December 31, 2012, for MEC.
Standard protocol approvals, registrations, and patient consents All of the studies included were reviewed and approved by the institutional review board at the institution where each study was conducted.
Endpoint definition
In the CPS-II Nutrition, MEC, and WHI studies, we identified ALS cases through a search of the National Death Index. WHI Glossary ALS = amyotrophic lateral sclerosis; BCAA = branched-chain amino acids; BMI = body mass index; CI = confidence interval; CPS-II Nutrition = Cancer Prevention Study II Nutrition Cohort; HPFS = Health Professionals Follow-up Study; ICD-9 = International Classification of Diseases, Ninth Revision; MEC = Multiethnic Cohort Study; NHS = Nurses' Health Study; NMR = nuclear magnetic resonance; OR = odds ratio; PPV = positive predictive value; RR = rate ratio; WHI = Women's Health Initiative.
also compiled self-reported ALS information for women in the observational study, but it was never adjudicated. All individuals with ICD-9 code 335.2 (motor neuron disease) listed as the underlying or contributing cause of death were considered to have had ALS. In a previous validation study, ALS was the primary diagnosis in 90% of the individuals for whom code 335.2 was listed as the cause or contributory cause of death. 18 We assigned the date of onset to 3 years before the date of death, based on median survival among patients with ALS. 19 In the NHS and HFPS, we identified incident ALS by selfreport on the biennial questionnaire. For participants reporting a diagnosis of ALS, we requested permission to contact the treating neurologist and obtain a copy of the medical records. Due to the progressive nature of ALS, many of the patients had already died before we could obtain permission to release the medical records. For these patients, we sent the request to the closest family member. We asked the treating neurologist to complete a questionnaire, which was based on the revised El Escorial criteria, on the certainty of the diagnosis (definite, probable, or possible), and the clinical history. The final confirmation of the diagnosis was made after reviewing medical records by a neurologist with experience in ALS diagnosis. We observed few discrepancies between the diagnosis made by the field neurologist and the neurologist with expertise in ALS, and the differences were mostly limited to whether patients were diagnosed with definite or probable ALS. Patients defined as definite or probable cases were included in the study. If we were unable to obtain a copy of the medical record or the neurologist's questionnaire to confirm the diagnosis of self-reported ALS, only the patients with ALS specifically listed on the death certificate were included.
For each ALS case, we randomly selected 2 controls who were alive at the time of the case diagnosis and matched on cohort, birth year (±1 year), sex, ethnicity, fasting status, and time of blood draw. For one of the cases, only one matched control was included in the final analyses, as the assessment of metabolites failed in the other matched control.
Assessment of metabolites
Across the cohorts, blood samples were collected from a total of 319,627 participants and were stored at −70°C or below. For the individuals who developed ALS and their matched controls, 10 μL of plasma from each individual was used for the metabolomics analysis. Triplets of plasma samples (one case with its 2 matched controls) were handled identically and assayed in the same analytic run. The order of the plasma samples within each case-control tripled was arranged at random, to ensure that all assays were conducted without knowledge of the case/control status. We profiled the metabolites using hydrophilic interaction liquid chromatography coupled to positive ion mode mass spectrometry at the Broad Institute (Boston, MA), as previously described. 20 Assessment of covariates Information on other covariates of interest, including smoking status, height, weight, educational level, physical activity, and diabetes status, was collected at baseline for all cohorts, and every 2 years since baseline in HPFS and NHS. Participants self-reported a diagnosis of type 1 or type 2 diabetes mellitus. These specific covariates were included in multivariable models, as they have previously been associated with ALS risk, and could be potential confounders. The nearest covariate data collected before or at the time of blood draw were used.
Statistical analysis
To account for the matched study design, we used conditional logistic regression to estimate odds ratios (ORs) and 95% confidence intervals (CIs) for the association of BCAAs with ALS risk. As controls in our study were selected using risk-set sampling, the ORs estimate incidence rate ratios (RRs). 21 We log-transformed and standardized the amino acids within cohort and sex to account for possible differences that may have been introduced as cohort samples were processed at different times. We estimated the correlation between log-transformed levels of individual BCAAs, glutamate, urate, and body mass index (BMI) using Pearson correlation, and tested whether the BCAAs were significantly different among diabetic and nondiabetic participants using a 2-sided t test. The amino acids were modeled as both continuous (per 1 SD increase) and categorical variables to maximize power and to explore possible nonlinear relationships. For the categorical analyses, we categorized the participants into cohort and sex-specific quartiles based on the distribution among the controls. We tested for a linear trend across the quartiles by assigning the median value to each quartile and modeled this as a continuous variable. Multivariable models were used to assess the influence of possible confounders, including BMI (using weight reported closest to time of blood draw, continuous), educational level (< high school, high school, > high school), smoking status (never smoker, past smoker, current smoker), and physical activity (approximate tertiles corresponding to low, medium, and high activity levels). We categorized participants according to tertiles of metabolic equivalent hours of total physical activity in NHS, HPFS, and WHI, while the amount of moderate and vigorous physical activity was used for CPS-II and MEC. When data were missing for a covariate, we used a missing indicator (6.7% of the participants had 1 or more missing covariate data). We tested for effect modification by sex, fasting status (<4 vs ≥4 hours since last meal), and time from blood collection to disease onset (<5 vs ≥5 years) by including a product term of individual BCAAs and the modifier in separate models. We conducted a sensitivity analysis excluding individuals with diabetes, as diabetes has been associated with marked alterations in the metabolome, 22 including elevated BCAA levels, 23 and has also been associated with the risk of ALS. 24 All of the analyses were conducted using SAS 9.4 (SAS Institute, Cary, NC). The α-level was set at 0.05.
Data availability
The datasets analyzed in the current study are not publicly available because of restricted access, but further information about the datasets is available from the corresponding author on reasonable request.
Results
We identified a total of 275 individuals who developed ALS among the 319,627 participants who provided blood samples in these 5 cohort studies. There was a higher proportion of female compared to male participants in our study. The cases were slightly more likely to have ever smoked compared to controls and had slightly lower BMI at baseline (table 1) . Further, fewer cases had higher educational level than high school compared to the controls. The other characteristics were similarly distributed. Plasma levels of leucine, isoleucine, and valine correlated significantly with each other, and higher levels correlated with higher BMI (table 2) . Further, higher levels of the amino acids correlated significantly with higher levels of glutamate and with urate. The levels of all 3 BCAAs were higher among diabetic compared to nondiabetic participants (p = 0.006, p = 0.004, and p < 0.001 by the t test for leucine, isoleucine, and valine, respectively).
Higher levels of valine were associated with a lower ALS risk in analyses adjusted for age, sex, and matching variables, but the trend was not monotonic and was no longer statistically significant after further adjustment for BMI. Other BCAAs were not significantly associated with ALS risk, neither in the continuous nor in the categorical analyses (table 3) . Adjustment for BMI, smoking, physical activity, and educational level did not materially alter the results. Total BCAA plasma level was not associated with ALS risk (data not shown).
None of the 3 metabolites was significantly associated with ALS risk in any of the predefined subgroup analyses (table 4) . The RR estimates were slightly lower in women compared to men, but the difference was not significant. Similarly, the estimates were lower among those with fasting samples compared to those with nonfasting samples, but the estimates were not statistically significantly different. The estimates from analyses restricted to those with longer interval (≥5 years) between blood draw and ALS onset were similar to those restricted to those with shorter interval (<5 years). The results were similar when we restricted the analyses to individuals with an interval of 2 years or less between blood draw and ALS onset (data not shown).
In a sensitivity analysis, we excluded participants who had developed diabetes before the blood draw, as insulin resistance has been associated with increased BCAA levels and diabetes has been suggested to affect ALS risk. 23, 24 However, none of the 3 BCAAs was associated with ALS risk when excluding patients with diabetes (n = 49). In a multivariable model adjusting for age, sex, BMI, smoking, physical activity, and educational level, the RR for ALS per 1 SD increase in amino acid levels was 0.88 (95% CI 0.76-1.03) for leucine, 0.92 (95% CI 0.78-1.08) for isoleucine, and 0.87 (95% CI 0.75-1.02) for valine.
Discussion
In this pooled analysis of 5 large cohort studies, we did not find any association between prediagnostic plasma levels of BCAAs and the risk of ALS. The results did not vary significantly with time to ALS onset and were not materially changed when we adjusted for the most relevant confounders. Our findings do not support the hypothesis that plasma BCAAs are risk factors for ALS.
Previous research on BCAAs and ALS risk is sparse, and no study has previously evaluated the association between prediagnostic plasma levels and disease risk. Some, 11, 12, 25 but not all, 26 ,27 studies comparing the metabolome in patients with ALS with controls reported alterations in the metabolism of BCAAs in patients. In a study comparing the metabolome in 22 patients with ALS with 28 controls with other neurologic conditions, the plasma levels of all 3 BCAAs were higher in patients with ALS compared to controls in analyses using nuclear magnetic resonance (NMR) spectroscopy. 11 The results were similar in a study comparing the metabolome in the same cohort of patients and controls using mass spectrometry, but only plasma levels of valine and isoleucine were significantly increased in patients with ALS. 12 Further, one study used NMR to try to identify a diagnostic profile discriminating 95 patients with motor neuron disease from 86 patients with other neurologic diseases and reported that valine and isoleucine measured in the CSF were among the metabolites contributing most to the final diagnostic model. 25 In our study, we did not find any differences in prediagnostic BCAA levels in those later developing ALS compared to their matched controls, which indicates that the amino acids do not contribute to the earliest etiologic events. Still, it is possible that these amino acids affect disease processes at a later stage, which could be consistent with the results from previous metabolomics studies, the possible adverse effects reported in clinical trials, 4, 5 and the findings from in vivo and in vitro studies suggesting that BCAAs affect pathways relevant to the disease. 6, 7 BCAAs contribute both to de novo synthesis and buffering of glutamate, which in excessive amounts may contribute to excitotoxicity in ALS. The amino acids, in particular leucine, rapidly cross into the CNS, 28 and provide approximately 25% of the amino groups of brain glutamate. 29 It has been suggested that high levels of BCAAs lead to an excess of glutamate, which could trigger motor neuron death due to excessive stimulation of glutamate receptors. 30 This is supported by evidence from an animal study where a diet enriched in BCAAs induced a hyperexcitability of motor neurons, which was related to a specific glutamate receptor (NMDA receptor), as the effect was abolished after administration of a specific NMDA channel blocker. 31 However, BCAAs also serve as a buffering mechanism against excessive glutamate levels. After BCAAs are metabolized in astrocytes, their ketoacids are released into the extracellular fluid and can subsequently be taken up by neurons. 1 Ketoleucine can be converted back to leucine in a process that consumes glutamate, which provides a mechanism for preventing excessive amounts of the amino acid. 1 It is thus unclear whether higher BCAA intake in humans would lead to levels of glutamate that could have neurotoxic effects.
Our study has several strengths. First, the nested case-control study design, where the participants were drawn from existing cohort studies, minimizes the risk of selection bias when choosing the controls. Second, the prospective study design with samples collected years before disease onset limits the risk of reverse causation bias. Finally, we were able to account for several possible confounders suggested to be relevant in ALS, including BMI, physical activity, smoking, and diabetes.
Our study also has some limitations. While we drew participants from 5 large cohort studies, we were able to identify only 275 individuals who later developed ALS, due to the low incidence of the disease. This may have affected the statistical power to detect significant differences, especially in subgroup analyses. Still, given that risk estimates for all of the BCAAs with ALS risk were below 1.0, it seems unlikely that the amino acids would be associated with an increased risk if a higher number of participants had been included. Our study population only included 27% male participants, which represents an atypical ALS population, as the incidence rate of the disease is higher in men compared to women. 32 The unusual distribution is mainly due to the inclusion of participants from WHI, who are all female and all contributed with blood samples. We did not observe any significant differences in the results in men and women, and it is therefore unlikely that this has affected our results. We did not have information on clinical covariates, such as subtypes of ALS, and could therefore not evaluate whether there were differences between those developing familial ALS to those with sporadic ALS. Further, due to lack of clinical information, we used information from death certificates to capture ALS cases in CPS-IIN, MEC, and WHI. This may have led to misclassification of ALS in some participants, as death certificates are likely to be less accurate than medical records. In a US study, the sensitivity and positive predictive value (PPV) for use of death certificates for ALS were estimated to be 85% and 65%, 33 while a recent study from Denmark reported a sensitivity of 84% and an overall PPV of 82%. 34 Overall, this suggests that use of death certificates is an adequate, but not ideal, tool to capture patients with ALS in epidemiologic studies. We assessed the association using a single plasma measurement per individual, which may not reflect long-term exposure of the amino acids over time. However, in a validation study in NHS and HPFS, the 3 amino acids had Spearman correlations above 0.60 when comparing 2 samples collected in the same individuals 0.8-2.3 years apart, indicating that a single measurement may reasonably reflect longer-term levels. 35 As data on physical activity were collected at different ages and with different methodologies across the cohorts, we may not have been able to fully adjust for this in the analyses. Finally, as is inherent to any observational study, we cannot exclude the possibility that the results may be affected by residual or unmeasured confounding that we cannot account for.
In a pooled analysis of 5 cohort studies, we did not find any significant association between prediagnostic plasma levels of BCAAs and ALS risk. Our findings suggest that high physiologic levels of these amino acids do not increase the risk of the disease.
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